Inspired by the design of composite materials, a novel composite supercapacitor is proposed, designed and tested, comprising an integrated cell with high power-and high energy-related electrode materials. The application-specific composite supercapacitors offered a weight reduction of 40-60% compared to same performance supercapacitors based on the high power or on the high energy-related electrode material only.
INTRODUCTION
Supercapacitors are generally of higher power density than batteries although there has been intensive research to raise also the energy density of supercapacitors [1] so they can store more energy and discharge their high power for longer times. Typical supercapacitors are of the electrochemical double layer (EDLC) type, which operate without redox reactions; the absence of redox reactions means that a chemical reaction does not slow down the charge or discharge operation and also the EDLCs would not age as rapidly as batteries, operating for millions of cycles at high power. which case the supercapacitor relieves the battery from heavy duty, high current and high rates of charge or discharge, and prolongs the lifetime of the battery [2] . This can be used to include start-stop systems with energy regenerative braking for electric vehicles (EVs) and hybrid electric vehicles (HEVs). Another application of battery-supercapacitor systems along these principles is fast acting short term power back up for UPS (uninterruptible power supply) applications [3] . (c) Smoothing short-term power fluctuations in the grid due to fluctuations in demand [4] , performing power balancing during islanding mode in the grid or microgrids, and smoothing out power fluctuations in the grid or microgrid due to the operation of intermittent renewable energy sources [5] . (d) Providing transient power assistance to fuel cells which are of very low power density [6, 7] .
Although supercapacitors are preferred for high power applications, different supercapacitor applications, even within the same field, have different requirements of maximum energy-to-power ratio that naturally do not always match exactly the energy-to-power ratio of existing or off-the-shelf supercapacitors. For example the different requirements for supercapacitors derived in the FreedomCAR-USABC programme [8] include: a 12 V transient start-stop (TSS) application with an energy-to-maximum power ratio of 15 Wh/4200 W = 12.9 s; a 42 V start-stop (FSS) application with an energy-to-maximum power ratio of 30 Wh/6000 W = 18 s; a 42 V transient power assist (TPA) application with an energy-to-maximum power ratio of 60 Wh/13000 W = 16.6 s. In an example for grid applications, supercapacitor requirements in two different functions include: supercapacitors to ensure power quality with 0-5 s discharge and up to 1 min capacity; supercapacitors for regulation with seconds discharge and capacity.
High energy density is proportionally associated with a high specific capacitance whereas high power density is associated with low internal resistance. It has been shown that, in general, capacitance increases with pore size of electrode, but there is a much larger sudden increase of capacitance with decreasing pore size when the size of the largest electrolyte ion is equal to, or slightly larger than, the pore opening size so that the largest ion swells the pore slightly when the pore size is near the limit of being accessible by the ion [9] . Accordingly, porous active electrodes can be developed comprising large pore surface area with a micropore opening size similar to that of the size of the largest ion of the electrolyte, which maximise the capacitance and specific capacitance. Hence, the energy and energy density could also be maximised, at least at low current densities. However, if higher currents are required, the ions "jammed" in the small, slightly swollen pores of the active electrode are unable to move quickly, and so such high energy density supercapacitors are unable to deliver high current densities and do not have very high power densities. This is critical for organic and ionic liquid electrolytes, generally used in supercapacitors for medium and high voltage applications, as such electrolytes have large cation size of the order of 0.4 to 1.3 nm in unsolvated or solvated form [10] . In general, it has been acknowledged that granular activated carbon (AC) coatings have a large proportion of macro-and micro-pores compared to AC fabrics which have generally only micropores of size of the order of 1 nm [11] . As such AC coatings would allow for faster ion mobility and thus high power. Further reductions in cell resistance can be achieved by using conductive additives such as carbon black [12] [13] [14] [15] , carbon nanotubes [16, 17] , graphene or graphene functionalised with iron groups to increase interplatelet conductivity [18] . Hence, depending on the relation between smallest pore size and biggest electrolyte ion size as well as the presence of fast ion motion through macro-and meso-porous paths, overall resistance of the porous active electrode and its contact resistance with the current collector, EDLC supercapacitors may be classified as high power or high energy supercapacitors. Fig.1 presents the Ragone plots of coatingbased supercapacitors (from [17] and also based on AC powder used in the (C1) supercapacitor coating of the present study) and the Ragone plots of AC fabric-based supercapacitors (from [1] and also the (C2) supercapacitor of the present study). It is clear that Fig.1 (a) presents relatively high power density supercapacitors whereas Fig.1 (b) presents relatively high energy density supercapacitors.
The novel concept of a "Composite Supercapacitor" proposed in this study has been inspired from the concept of engineering composite materials in which fibers generally offer high stiffness and high strength whereas the more flexible polymer matrix offers connectivity and toughness. Similarly, in this study we are proposing a composite supercapacitor consisting of two integrated material components, a high power EDLC-equivalent with high power active electrodes and a high energy EDLC-equivalent with high energy active electrodes. Although hybrid battery-supercapacitor devices have been reported in the literature [19] [20] with the aim of increasing the power density of batteries, the composite supercapacitor is an entirely novel idea, associated with a precise methodology to design the composite supercapacitor to be presented in this paper following rule of mixtures and inverse rule of mixtures for the composite capacitance and resistance, respectively, with both rules being widely applicable to composite materials [21] .
The composite supercapacitor device proposed in this study contains integrated high power EDLCequivalent cells of power P1 and energy E1, and high energy EDLC-equivalent cells of power P2 and energy E2, where E2 > E1 and/or P1 >P2. We are presenting a methodology to predict the required high power-related active electrode material and the required high energy-related active electrode material for an application-specific composite supercapacitor which would comply to the power/ or resistance and energy or capacitance specifications of the application of interest where it is expected that the application specified power P and energy E are at a ratio P/E such as: P2/E2 < P/E < P1/E1.
The paper includes two examples, one of a medium size and one of a large size composite supercapacitor in the format of pouch cell, designed and fabricated in this study at optimised mass to application specifications, and tested to verify the so designed performance.
DESIGN OF AN APPLICATION-SPECIFIC COMPOSITE SUPERCAPACITOR
The composite supercapacitor researched in this study consists of two capacitor elements in parallel, a high power supercapacitor cell-equivalent (C1) and a high energy supercapacitor cell-equivalent (C2). The composite supercapacitor cell or module contains a total area of (C1) and a total area  of (C2). The capacitance of the composite cell, Ccell, and the resistance of the composite cell, Rcell, are determined according to equations (1) and (2), respectively:
where c1 is the areal capacitance, or capacitance per unit area, of the high power supercapacitor cellequivalent (C1) and c2 is the areal capacitance of the high energy supercapacitor cell-equivalent (C2).
where r1 is the areal resistance, or resistance of unit area, of the high power supercapacitor cellequivalent (C1) and r2 is the areal resistance of the high energy supercapacitor cell-equivalent (C2).
The application may be associated with a maximum storage energy, Emax, and a maximum power, Pmax, which are given by the equations below:
 where C and R are respectively the capacitance and resistance of the supercapacitor for the application and Vmax,op is the maximum operating voltage at a certain current after the voltage drop due to internal resistance losses at that current is deducted.
It is customary for the application specifications to include a minimum voltage, Vmin, an energy requirement at a current, IE, and a power requirement at a current, IP, where these requirements can be further deduced at cell level (for example if Ns cells are connected in series, then Vmin,cell = Vmin/Ns). Hence, equations (3) and (4) can be translated to cell level as follows:
where Ecell is the cell energy required at current IE and Pcell is the power required at current IP (usually required to be maintained for a specified pulse duration tpulse, in which case the cell would reach a voltage VminP,cell at the end of tpulse). Equations (5) and (6) can then be solved to translate the energy and power requirements into requirements of capacitance of the supercapacitor cell, Ccell,E at current IE, and cell resistance, Rcell, (considered at IP).
In this manner, a composite supercapacitor is designed to comply with the required cell capacitance,
Ccell,E at current IE, and cell resistance, Rcell, at current IP by using a total area  of high power cellequivalent (C1) and a total area  of high energy cell-equivalent (C2), where  and  are determined by solving equations (1) and (2).
RESULTS AND DISCUSSION FOR ONE TYPE EDLC CELLS
One type EDLC cells, high power type cells (C1) and high energy type cells (C2), were fabricated according to the configurations presented in Fig.2 with the current collector, separator and electrolyte materials (same current collector, separator and electrolyte for (C1) and (C2) in this study) as described in section 6. The active electrodes used for each type of EDLC cell were as follows: electrode (e1) for EDLC (C1) was a coating of phenolic-derived activated carbon (AC), 5 wt% carbon black and 3 wt% SBR binder; electrode (e2) for EDLC (C2) was a phenolic-derived activated carbon fabric (ACF). BET analysis yielded a specific pore surface area of 1461±34 m 2 g -1 for the ACF electrode (e2) used in this study, 1000 m 2 g -1 for the phenolic-derived AC powder [22] used in (e1) but 866±16 m 2 g -1 for the coating electrode (e1) used in this study, where the lower BET value for the coating compared to that of the original powder may be attributed to the SBR binder covering some of the AC powder pores also observed with 5 wt% PVDF binder [17] . Fig.3 presents the pore size distribution derived using BJH analysis for each electrode, i.e. the coating electrode (e1) and the ACF electrode (e2) used in this study. It is clear that the phenolicderived AC-based coating electrode is mesoporous with the main part of the specific coating pore volume of a median pore diameter of 31 nm whereas the specific coating pore surface area is bimodal with a tall peak at a pore diameter of 31 nm and a smaller peak at a pore diameter of 1.87
nm. In contrast, the phenolic-derived ACF has a monodisperse pore size distribution with a single peak at 1.87 nm and a pore range starting below 7 nm. These pore size distributions explain the high power or high energy type of the two supercapacitor electrodes (e1) and (e2), respectively: the mesoporous electrode (e1) allows for excellent mobility of the electrolyte ions though the mesopores and it allows for quick charge and discharge and leads to a high power EDLC (C1). However, the low proportion of surface area of micropores means that this electrode may not reach the high capacitance associated with micropores of similar size as the largest electrolyte ion, which is the cation TEA + in this case (limiting size of TEA + is around 0.7 nm in unsolvated state and 1.3 nm in solvated state in AN solvent) [9] , hence, (e1) may not lead to supercapacitors of the highest energy density. In contrast, (e2) has a high specific surface area consisting of micropores at a peak size close to two unsolvated cations or a solvated cation, which means that (e2) leads to supercapacitor (C2) with the potential of reaching very high energy density. However, the monodisperse nature of the pore size distribution of (e2) with a unique pore size peak at micropore size means reduced cation mobility in the limited pore width that restricts the rate of charge and discharge and the power density of supercapacitor (C2). Consequently, the comparison of the pore size distributions of electrodes (e1) and (e2) makes clear the power-to-energy ratio relation between the two cells, correspondingly attributing a high power to EDLC cell (C1) and a high energy to EDLC cell (C2). symmetric plots of GCD data from the discharge phase of which the Ragone plot for (C2) is derived in Fig.1(b) , ranging from a maximum energy density of 39 Wh/kg of electrodes to a maximum tested power density of 7 kW/kg of electrodes, demonstrating the high energy density of EDLC (C2) in comparison to that of (C1). The discharge phase of the GCD data in Fig.5 (b) has also been used to determine the areal resistance r2 and areal capacitance c2 of the high energy EDLC (C2) used in this study as: r2 = 8.8 ohm for each cm 2 of supercapacitor cell and c2 = 0.71336 F/cm 2 of cell at medium operating current density. It is clear that EDLC (C2) has more than double the capacitance of EDLC (C1) but about 4 times the resistance of EDLC (C1). These values of r1, r2, c1, c2 for EDLCequivalent (C1) and (C2) will be used in equations (1) and (2) in the design of the composite supercapacitor cells in this study.
RESULTS AND DISCUSSION FOR COMPOSITE EDLCs
Composite supercapacitor pouch cells were fabricated with integrated  cm 2 of high power EDLCequivalent (C1) and  cm 2 of high energy EDLC-equivalent (C2) (results of which are presented in section.3), sharing the same electrolyte, separator (S) and current collector (cc). 
DESIGN AND RESULTS OF MEDIUM-SIZE COMPOSITE SUPERCAPACITOR
An application-specific, medium-size, composite supercapacitor cell was designed according to the requirements presented in the first column of Table 1 . Given the required values of Rcell and Ccell and using the values for areal resistance and areal capacitance measured in section 3 for high power EDLC-equivalent cell (C1) and high-energy EDLC-equivalent cell (C2), the system of equations (1) and (2) If only active electrode (e1) were used for designing an EDLC of type (C1), an area of 920 cm 2 of (C1) supercapacitor cell is needed ( = r1 / Rcell = 920 cm 2 ) to cover the application-specific resistance requirement. In order to cover the application-specific capacitance requirement an area of 3581 cm 2 of (C1) supercapacitor cell is needed ( = Ccell/c1 = 3581 cm 2 ). It is clear in this case for the high power EDLC (C1), its energy (cell capacitance) is the limiting factor in satisfying the requirements of the application, hence, 3581 cm 2 of EDLC (C1) is needed to satisfy all requirements of the application. After summing the mass of all individual components as presented in Table 1 , the medium-size EDLC of high power type cell (C1) had a total mass of 297.7 g. This means that the composite EDLC satisfying the requirements of Table 1 has achieved 40% reduction in mass and weight compared to the equivalent EDLC of type (C1) only.
If only active electrode (e2) were used for designing an EDLC of type (C2) only, an area of 3520 cm 2 of (C2) supercapacitor cell is needed ( = r2 / Rcell = 3520 cm 2 ) to cover the application-specific resistance requirement. In order to cover the application-specific capacitance requirement an area of 1542 cm 2 of (C2) supercapacitor cell is needed ( = Ccell/c2 = 1542 cm 2 ). It is clear in this case for the high energy EDLC (C2), its power (cell resistance) is the limiting factor in satisfying the requirements of the application, hence, 3520 cm 2 of EDLC (C2) is needed to satisfy all requirements of the application. After summing the mass of all individual components as presented in Table 1 , the medium-size EDLC of high energy type cell (C2) had a total mass of 360.2 g. This means that the composite EDLC satisfying the requirements of Table 1 has achieved 50% reduction in mass and weight compared to the equivalent EDLC of type (C2) only. Fig.7 presents the GCD test data at ±10 A and ±50 A, respectively, for the medium-size composite supercapacitor cell connected with cables of 2 m resistance. The tests were conducted using a H&H test analyser with 2 cables of 2 m each, where the cables had a 2 m resistance that is included in the tested supercapacitor system and has affected the voltage measurements of the graphs in Fig.7 .
From this data it has been calculated (after the cable resistance has been deducted) that the resistance of the composite cell is Rcell = 2.66 m and Ccell,10A = 1093 F (against the required Ccell,12.8A = 1100 F). Hence, taking also into account an existing ±10% variation in the material properties of the fabricated supercapacitor cell, it has been proven that the composite supercapacitor cell has Rcell and
Ccell,E close to the values determined by equations (1) and (2) for the design and calculations of the quantities of each type of cell and materials of the composite supercapacitor cell to satisfy the power and energy requirements of the application of interest.
DESIGN AND RESULTS OF LARGE-SIZE COMPOSITE SUPERCAPACITOR
An application-specific composite supercapacitor cell was fabricated for a 12 V transient start stop application (TSS) for micro-hybrid vehicles. The specifications were from the FreedomCAR program [8] and included the following key targets for the supercapacitor system: voltage range: 17 Vdc to 9 Vdc; power: 4.2 kW for pulse duration of 2 s; available energy at 1 kW: 15 Wh.
Given that the electrolyte to be used is 1. Considering equations (5) and (6) An application-specific, large-size, composite supercapacitor cell was designed according to the requirements presented in the first column of Table 2 . Given the required values of Rcell and Ccell,E and using the values for areal resistance and areal capacitance measured in section 3 for high power EDLC-equivalent cell (C1) and high-energy EDLC-equivalent cell (C2), the system of equations (1) and (2) Table 2 presents the mass of each individual component in the large pouch composite supercapacitor cell with the total mass being 555.5 g.
If only active electrode (e1) were used for designing a large EDLC cell of type (C1), an area of 3898 cm 2 of (C1) supercapacitor cell is needed ( = r1 / Rcell = 3898 cm 2 ) to cover the application-specific resistance requirement (governing the high power achieved according to the power requirement). In order to cover the application-specific capacitance requirement at IE (affecting the stored energy which should comply with the energy requirement of 2.1 Wh) an area of 11914 cm 2 of (C1) supercapacitor cell is needed ( = Ccell/c1 = 11914 cm 2 ). It is clear in this case for the high power EDLC (C1), its energy (cell capacitance) is the limiting factor in satisfying the requirements of the application, hence 11914 cm 2 of EDLC (C1) is needed to satisfy all requirements of the application.
After summing the mass of all individual components as presented in Table 2 , the large-size EDLC of high power type cell (C1) had a total mass of 932.2 g. This means that the large composite EDLC cell satisfying the requirements of Table 2 has achieved 40% reduction in mass and weight compared to the equivalent EDLC of type (C1) only.
If only active electrode (e2) were used for designing a large EDLC of type (C2) only, an area of 14915 cm 2 of (C2) supercapacitor cell is needed ( = r2 / Rcell = 14915 cm 2 ) to cover the applicationspecific resistance requirement. In order to cover the application-specific capacitance requirement at IE an area of 5701 cm 2 of (C2) supercapacitor cell is needed ( = Ccell/c2 = 5701 cm 2 ). It is clear in this case for the high energy EDLC (C2), its power (cell resistance) is the limiting factor in satisfying the requirements of the application, hence 14915 cm 2 of EDLC (C2) is needed to satisfy all requirements of the application. After summing the mass of all individual components as presented in Table 2 , the large-size EDLC of high emergy type cell (C2) had a total mass of 1338.4 g. This means that the large composite EDLC cell satisfying the requirements of Table 2 has achieved 58% reduction in mass and weight compared to the equivalent EDLC of type (C2) only. Fig.8 presents the GCD test data at ±75 A and ±300 A, respectively, for the large composite supercapacitor cell connected with cables of 1 m resistance. The tests were conducted using a H&H test analyser with 2 cables of 1 m each, where the cables had a 1 m resistance that is included in the tested supercapacitor system and has affected the voltage measurements of the graphs in Fig.8 .
From this data and the standard error from the statistical analysis of the same type of test data of eight large composite supercapacitor cells fabricated and tested as in the example of section 4.2, it has been calculated that the resistance of the composite cell is Rcell = 0.5±0.1 m (after the cable resistance has been deducted), Ccell,300A = 3480±100 F (against the required Ccell,323A = 3380 F), and Ccell,75A = 3700±100 F (against the required Ccell,77A = 3660 F). Hence, it has been proven that the large composite supercapacitor cell has Rcell and Ccell,E close to the values determined by equations (1) and (2) for the design and calculations of the quantities of each type of cell and materials of the composite supercapacitor cell to satisfy the power and energy requirements of the application of interest.
CONCLUSION
This study has proposed a novel composite supercapacitor comprising an integrated cell consisting of high power-related electrode material and high energy-related electrode material so that the composite supercapacitor can satisfy a given power-to-energy ratio. A precise methodology has been proposed for the design of the composite supercapacitor and the prediction of the required quantity of each type of electrode and each type of cell-equivalent, high power and high energy respectively connected in parallel, according to the rule of mixtures for the composite capacitance and the inverse rule of mixtures for the composite resistance, on the basis of the known areal capacitance and areal resistance of each type of cells. This methodology has been applied in this study for designing application-specific composite supercapacitors of medium and large size. These composite supercapacitors have been fabricated in the form of pouch cell and tested in galvanostatic chargedischarge tests. The test data have proven that their performance matches the designed performance according to the specifications of the application of interest and, hence, the design methodology for the composite supercapacitor, proposed in this paper, has been proven correct.
The novel composite supercapacitor proposed in this study offers huge advantages in weight reduction and substantial increase of the energy and power density of an application-specific supercapacitor. Both medium size and large size composite supercapacitors designed, fabricated and tested for the application examples in this study offered 40-60% weight reduction compared with a supercapacitor made from the high power only electrode material (AC coating-based supercapacitor)
or the high energy only electrode (AC fabric-based supercapacitor) with the same specifications for the same application, with the same organic electrolyte, separator and other pouch cell materials.
MATERIALS AND EXPERIMENTAL TECHNIQUES
Symmetric EDLC cells (either of the same active electrode material or of two different active electrode materials for composite cells) were fabricated consisting of the following components and materials. The current collector was Toyal-Carbo ® foil (Toyal Toyo Aluminium K.K.), which is an aluminium foil with embedded Al4C3 whiskers protruding over the foil surface and anchoring carbon black nanoparticles (20-30 nm) , with this modification lowering the contact resistance between the current collector and the active electrodes [23] . The active electrode material for the high power cells and high power-equivalent cell (C1) was a coating of phenolic-derived activated carbon (AC) TE320
with about 30% activation (from MAST Carbon International, Ltd) [22] , 5 wt% acetylene carbon constructed from the discharge phase GCD data at different current densities. is an active electrode for high energy-type cell, (S1), (S2) or (S) are separators for cell (C1), (C2) or common separator, respectively. is an active electrode for high energy-type cell, (S1), (S2) or (S) are separators for cell (C1), (C2) or common separator, respectively. 300 A
TABLES

